Heavy metals and organic pollutants were investigated in the Adour estuary (South West France) and associated wetlands using the European eel (Anguilla anguilla) as a bioindicator. Heavy metals (Cu, Cd, Zn, Pb, and Ag) were measured in soft tissue of yellow eels. Mercury (total Hg and MeHg) and organochlorinated compounds (7 PCBs, 11 OCPs) were analysed in muscle. Concentrations in muscle were in agreement with moderately contaminated environments in Europe and were below the norms fixed for eel consumption for heavy metals and OCPs. Analyses of liver showed a higher pressure of Ag and Zn in the downstream estuary than in the freshwater sites whereas Cd was lower in the estuary probably because of the salinity influence. According to quality classes 100% of eels from freshwater sites indicated clean or slightly polluted environments. However, total mercury concentrations were close to the thresholds fixed by the European Community in the downstream estuary, whereas the sum of PCBs was found to be greatly above the fixed value. 100% of the individuals from the estuary were classified in quality classes corresponding to polluted or highly polluted sites. These first results highlight the need of further investigations focused on mercury and PCBs in this area taking the seasonal temperature influence into account for a better understanding of the pollution distribution and the possible threat on the eel population from the Adour basin.
Introduction

Heavy metals and organochlorinated compounds (Polychlorinated Compounds
A number of studies supported the use of eels as reliable bioindicators of environmental changes 4, 5 and contaminant concentrations in eel tissue as suitable indicators reflecting the environmental exposure to pollutants 2, 6, 7, 8 . The EIFAC/ICES Working Group on characteristics of eels and especially the yellow eel phase. Yellow eels are immature and studies should not be confused by the influence of sexual maturation. They are widely distributed in every kind of aquatic habitat 11, 12 . In addition, yellow eels are carnivorous, exhibit high lipid content 13 and benthic behaviour making this species prone to bioaccumulate a wide diversity of compounds including lipophilic and persistent ones 14, 15 . Even if seasonal migrations and nomadic movements were highlighted 12, 16, 17 , they are relatively sedentary through their growth phase period ranging from 3 to 18 years or more. Eels also show a resistance to physico chemical stress 13 and a life-long accumulation and low depuration 18, 19 giving them the ability to accumulate pollutants and reflect the environmental signature transmitted by water, sediment and prey.
In addition, eels also represent a vector of the exposure to heavy metals and persistent organochlorinated compounds from human population 20 . Using eels as a bioindicator is concomitant with the evaluation of the contribution of chemical pressure on the high decline of this species since the 1980s 21, 22 . In 2007, a European Eel Quality Database (EEQD) was set up to collate information on contamination in eels over Europe 23, 24 . Reports from the literature support the potential impact of heavy metals on respiration, osmoregulation due to gill alteration by Hg for example, or kidney injuries, blood anaemia and disturbances of carbohydrate metabolism by Cd. Heavy metal exposure could also lead to an increased susceptibility of eels to pathogenic organisms 25 . Recently, Robinet and Feunteun 26 and
Geerarts and Belpaire 27 reported the potential disturbances caused by several compounds on the immune system, endocrine system, reproduction and at different scales of biological organization (subcellular, organ, individual, population).
At a local scale, eel has been shown to be one of the dominant species of the fish community that greatly participates in the local fishery industry and economy of the Adour basin (south west, France). This species, and especially the glass eel phase, is vital for the fishery industry since it represents 66% of the total catch value 28 . Recent investigations described the Adour estuary as moderately contaminated 29, 30, 31 , however data on the associated wetlands are scarce.
In this article we present the first investigation of the bioaccumulation of heavy metals (Cu, Zn, Cd, Pb and Ag), mercury and organochlorinated compounds (7 PCBs and 11 OCPs) in soft tissue of the European yellow eels (Anguilla anguilla, L.) from the Adour estuary, a small macrotidal estuary, and its associated wetlands. We intend to evaluate the pressure of metal and organochlorinated compounds (PCBs and OCPs) endured by European yellow eels (Anguilla anguilla, L.) and the potential sanitary risk of eel consumption.
Material and methods
Eel sampling sites and procedures
The sampling strategy was based on previous population dynamic studies performed by Ifremer-LRHA 32 . Sampling periods were determined according to various phases characterizing the annual biological cycle of A. anguilla -colonization (from October to March) -sedentarisation (from January to September) -downstream migration (from October to December). Three periods of sampling corresponding approximately to the months of April, July and October were selected to cover these three main phases and investigate the seasonal influence on the bioaccumulation especially in the wetlands.
Eels were collected on three sites on the Adour basin ( Fig. 1 
Determination of PCBs and OCPs
The 7 congeners considered as indicator PCBs (28, 52, 101, 118, 153, 138, 180) were targeted. These 7 congeners are predominantly present in biotic and abiotic matrices and thus were recognized as compounds representative of the whole group of PCBs by the ATSDR (Agency for Toxic Substances and Disease Registry). The sum of these seven indicator PCBs (∑PCB) was also calculated as it is commonly used in national legislation to ensure food safety 34 . 11 persistent organochlorinated compounds (POCs: lindane, HCB, Heptachlor, 2,4' DDE, Cis and Trans Chlordane, Trans Nonachlor, 4,4' DDE, 2,4' DDD, 4.4'DDD, 2,4'DDT, 4,4' DDT) were also researched.
0,5 g of homogenized freeze-dried sample was extracted for determination of PCB and OCP compounds using accelerated solvent extraction with on-line acid purification and cleanup on an acidic silica gel column performed by the ASE 200 system (Dionex) 35 . After extraction, the sample was collected and reconcentrated into 300 µl of isooctane, using a RapidVap vacuum evaporation system from Labconco (Kansas City, MO, USA). A second purification of the extract was subsequently performed and the extract was put on an acidic silica gel column. The PCB and OCP compounds were eluted with 3x5 ml of a pentane- and 320°C for 20min. PCB and OCP compounds were quantified relative to internal standards. CBs 30, 103, 155 and 198 were used to quantify PCB whereas DDTd8 was used to quantify OCPs. The quantification was performed by means of a syringe standard using octachloronaphtalene to quantify internal standards to verify the recoveries for each sample.
Quality control consisted of the analysis of procedural blanks, reproducibility and repeatability tests, injection of standard solutions as unknowns, and analysis of certified reference material SRM 2262 (NIST, USA) for PCBs. Details of procedures are given in Tapie et al. 35 . The lipid content was determined by gravimetric measurement from an aliquot of the extract.
Comparison with environmental contamination, assessed by sediment, water and wild oysters
In the 2000s, investigations were conducted in order to estimate the chemical contamination of the urban and industrialized Adour estuary, especially by heavy metals, organometallic compounds (inorganic and methylmercury), PCBs and some other organochlorine compounds (DDTs). Work was performed especially on sediment 31, 36, 37 and water 29,31,38 along the salinity mixing zone, as well as on wild oyster populations (Crassostrea gigas) 30 in the lower estuary up to the entrance of the urban zone. As no sampling was done in the two wetlands at that time, sediment and water were sampled in 2007 at these sites and analyzed for heavy metals according to procedures used during previous investigations 29, 36, 37 .
Results from the water and sediment analyses are given as a tool for the interpretation of global tendencies underlined by the bioaccumulation in the eel organs, since the monitoring of these compartments (water, sediment) is not sufficient to guarantee the sound ecological state of the environment. Differences between sites were checked using non parametrical KruskallWallis tests and Mann-Whitney U tests (Xlstat-Pro 7.5.2, Addinsoft, France).
Results and discussion
This paper is mainly focused on the description of heavy metals bioaccumulation in soft tissue of European eel from the Adour estuary, and on preliminary investigations on the contamination of eels by organochlorinated compounds. It is part of a multi-disciplinary According to the Pearson coefficient, no correlation was found between elemental concentrations and length or weight whatever the organ and site. Eel tissue concentrations (mean, standard deviation and range) of heavy metals, total and methylmercury, PCBs and OCPs are presented in Table 1 and 2 for muscle. Results based on muscle, liver and gill analyses are illustrated in Figures 2, 3 and 4. As mercury levels (total and methylmercury) in eel muscle from the downstream estuary and SLG wetland were presented elsewhere 33 they
will not be discussed further in this work. Total mercury (Table 1 ) levels were thus only used to assess class quality according Belpaire and Goemans 8 for this element.
Levels and distribution of heavy metals in eel soft tissue
Tissue distribution
All individuals carried significant heavy metal levels in liver and gill tissues, whereas concentrations of metals Cd, Ag and Pb were not detected in some samples of muscle tissue.
Cu and Cd are essentially stored in the liver (Fig. 2 ) where concentrations were up to 100 fold higher than in gills and muscle. As expected, Zn and Pb concentrations were also significantly higher in liver than in gills and muscle (P<0.0001), but gills exhibited elevated concentrations compared to muscle. This distribution shown in previous studies 39, 40, 41 , could illustrate a joint exposure both by the direct (water) and trophic routes 42 . This result is also in concordance with other research carried out in eels and other fish species 39, 43, 44, 45 and could be explained by the induction of low-molecular weight proteins in the liver and gills, namely metallothionein (MT) that are involved in the sequestration of these elements 46, 47 .
Bioconcentration of Zn within the gill tissue illustrates the role of gills as a first barrier regulating this element in eels from the Adour. According to the significant Pb levels found in sediments 37 and the benthic behaviour of eels, the contribution of the skin in the metal uptake could be also suggested 48 .
Pierron et al. 49 have recently highlighted the diet role in the uptake of Cd in eels from
Gironde and Dordogne. Moreover, Cd was preferentially found in liver 25 especially in the soluble fraction where it binds to MT, supporting our results. Ag was found preferentially in liver, although levels in muscle were higher than those found in gills. This latter distribution can be the consequence of the diet or fast transfer of the Ag element to the gastro intestinal tract and the other organs through the blood circulation as it was observed in rainbow trout 
Spatial and temporal distribution
According to the elemental distribution in soft tissues, geographical and temporal comparisons were made based on concentrations found in liver.
In order to evaluate the temporal variability in inorganic pressure, elemental concentrations measured in eel liver and gills from Termi site during the three sampling campaigns of 2006 (April, July and October) were compared. Termi was the only site where eels could be found at each sampling date, covering all 2006. Chemical pressure was significantly higher in July for Pb, Cu, Cd, Zn and Ag (P<0.006) (Fig. 3) . However, In our study water temperatures on Termi site were 10 to 16°C higher in summer than in Autumn and Spring coinciding with the higher metal loads found in both organs (liver, gills) during this period. Temperature is a major factor controlling the metabolism in poikilothermic organisms 57 influencing the rate of metabolic processes especially the uptake, metabolism and excretion of metals 58, 59, 60, 61 . The increase of water temperature leads also to an increase of gill ventilation rates in response to decreasing oxygen concentration in water 57 resulting in a higher volume of water passing through the gills. The increase in metabolic rates during the summer could lead to an enhancement of the metal uptake from the water.
Furthermore, the temperature also has a strong influence on the properties of the metal by changing the equilibrium effect between molecular and ionized forms. Prosi 62 illustrated the example of Cu which in ionized forms is preferentially produced with higher temperature leading to a greater toxicity to the fish. Finally, results obtained on liver and gills of eels from
Termi are consistent with an increase of the metal uptake linked to the seasonal temperature variability. The great variability of the estuary temperature (from 8 to 24°C 63 ) may suggest a similar influence of this parameter on the pollutant levels found in eel tissues from the downstream site and have to be consider for further spatial comparisons.
Considering such an influence of the season, the spatial comparison was performed on the results obtained for each site in summer. Eels from the estuary exhibited significant higher levels of Ag than eels from each freshwater site (Mann Whitney, P<0.05) (Fig. 2) than in the estuary (14 to 470 ng.g -1 ww).The Cd concentrations were slightly higher in eels from SLG than on Termi site (P=0.039), probably because of its connection to the fluvial estuary zone which is impacted by Cd input from the gaves river 31 . The existence of a significant decrease in Cd concentrations from the oligohaline zone to the polyhaline zone was observed for most of the benthic, pelagic and ichtyofauna compartments 64, 65, 66 . The speciation of Cd appears to be mostly controlled by marine inorganic ligands (Cl-).
Concentrations of the suspended particulate matter (SPM) in the upstream part of the estuary decreases progressively against salinity in the 0 to 15 ‰ salinity span 29 . The Cd stock released from the SPM is then rapidly complexed by the inorganic anion ligands resulting in the formation of stable chlorocomplexes throughout the rest of the estuary 67, 68 . Based on the benthic diet of eels and the Cd association to SPM in freshwater, diet might have a major role in such systems in Cd transfer to eels and explain the difference observed between estuary and upstream sites.
Eel liver versus environmental element concentrations
As in other studies, liver elemental concentrations observed in eels from the Adour basin (but also muscle) rarely reflect heavy metal exposure as assessed through the sediment and water average load for each site. Differences between fish tissue and environment levels probably reflect the major role of elemental bioavailability in the uptake, linked to both physical and chemical factors in the surrounding environment and physiological responses of the organisms 69 .
The observed discrepancy with the sediment load can be partly explained by the grain size variability within and across the studied sites as metals but also organic contaminants are often concentrated in fines particles due to their greater surface areas and amounts of organic carbon, clay, iron or aluminium 70 . In addition, the strong longitudinal gradients found in the Adour estuary for physicochemical parameters such as salinity, pH, temperature, and ionic strength, are known to affect trace metal equilibrium, partitioning and reactivity 71 resulting in significant modifications in the behaviour, bioavailability and phase transfer of metals in this estuary 29 . Finally, fish have adaptive capacity under conditions of sublethal chronic metal given by physiological changes that result ultimately in acclimation with increased biosynthetic processes (mitosis, enhanced metal binding proteins synthesis such as metallothionein) and up-regulation of other pathways to counteract or compete with the deleterious effects of the metal (ion regulation) 71 . As a consequence, the apparent independence of Zn and Cu concentrations from the levels observed in the environment is not surprising, and, is in accordance with a previous study by Bruslé 25 .
Lipid contents and organochlorinated compounds
PCBs and OCPs were found in eels of the three sampling sites, but some OCP compounds were never or rarely found (Table 2) .
Lipid contents
Lipid content in muscle was determined for 12 of the 15 eels used for organochlorinated compound analysis as not enough tissue was available to investigate lipid contents of all the individuals. Lipid contents represented overall 28±17 % of the muscle weight, being 19±6 % for estuarine eels (N=5) and 34±20 % for freshwater ones (N=7).
Several authors have discussed about the critical fat mass of yellow eels under which the energy reserves are thought not to be sufficient for the completion of the eel migration and successful reproduction 72 . According the values given by Van Der Thillart 73 (2007 ; 20,7%) and Belpaire et al. 72 (2009 ; 20%) , eels from the downstream estuary have lipid contents close to the critical fat mass whereas eels from the freshwater have a fat mass above the threshold.
Polychlorobyphenyles (PCBs)
The sum of the 7 PCB congeners analyzed (∑PCBs) ranged from 21 to 530 ng.g -1 ww
in muscle with an overall average of 186.8±169.1 ng.g -1 ww, i.e. 6 times less than concentrations measured in eels from Flanders Rivers (605.0±1118.6 ng.g -1 ww 34 ). However, a pronounced difference in ∑PCBs was observed between the freshwater sites and the downstream estuary, the latter (370±99 ng.g -1 ww) exceeding almost by an order of magnitude those of the freshwater sites (48±17 and 98±73 ng.g -1 ww, respectively for Termi and SLG wetland). This trend was also found by expressing the ∑PCBs on a lipid-weight basis. The ∑PCBs from the Adour basin freshwater sites were moreover close to the results obtained in eels from some English Rivers 74 but generally lower than most of the river basins studied by Maes et al. 34 in Flanders and De Boer et al. 75 in Netherlands. Conversely, values found in the downstream Adour estuary fall in the upper range detected by these latter authors. Within the muscle, among the various PCB congeners, CB153 and CB138 which are very recalcitrant compounds 19 represent more than 50% of the total PCB concentrations for all sampling sites (Fig. 4) .
Such a contribution was observed in previous studies 7, 34, 52 and can be related to the physicochemical properties of these congeners, as they are apparently not metabolized by fish and easily transported bound to particles 76 . Despite the link between bioconcentration of PCBs in aquatic organisms and the degree of chlorination 77 , we found a significant contribution of low chlorinated compounds, 15% for CB 28 and 37% for CB 52 for example in liver. Furthermore, Figure 4 illustrates that the less chlorinated PCBs, such as 28 and 52, represent an abnormally low proportion of the ∑PCBs in the downstream estuary compared to freshwaters sites. As less chlorinated PCBs do not show any significant difference between the two environments (see Table 2 ), dissimilar ∑PCBs to ∑CBs (28, 52) ratios come from higher levels in the heavier congeners, i.e. CB 101, 118, 153, 138 and 180 in the lower estuary. Such a trend could be explained by the lesser persistence of lighter congeners compared to heavier ones 76 , but this would involve a differential behaviour between the two environments separated geographically by only about 13 km. This could also be linked to differences in the food web, diet available for eel within the freshwater and the saline water could have differently biomagnified heavier and lighter PCB congeners. Finally, the input from an intra-estuarine source enriched in heavier PCB congeners cannot be excluded. PCBs were analyzed in sediments, suspended particles (SPM) and wild oysters in the course of a three years survey in the Adour estuary. Gross flux would support that major PCB input originates from the watershed 31 , but oysters clearly recorded the input of additional sources of PCBs in the lower estuary area close to an industrial area 30 . Industrial effluents heavily loaded with PCBs were identified 31 in this area, some of them presenting high ratio ∑PCBs to ∑CB (28, 52) (Table 3 ). Ratios calculated in sediments and SPM show a similar trend as the ratio found in eel muscle with higher ratios in the low estuary compared to the upper estuary, although they never reach ratios as high as those found in eel muscle (Table 3) . Even if little is known about the behaviour of PCB congeners across the estuarine salinity gradient, one would suggest that the observed trend in the ∑PCBs/∑CB (28, 52) would be partly induced by sewage located in the industrial part of the lower estuary. Table 4 and Figure 5 .
A good chemical status of the overall freshwater sites was deduced from this approach whatever the contaminants (heavy metals or PCBs) and the sites, as 100% of individuals were assigned to either the not deviating or slightly deviating classes. This is however not the case for the downstream estuary, especially for mercury and ∑PCBs, for which this site can be classified as significantly polluted with 100% of individuals classified as deviating or strongly deviating classes (60% of eels deviating for mercury and 82% eels deviating for ∑PCBs). A large part of the total mercury burden was found to be methylmercury, the more toxic form of mercury, 86% of the samples from the estuary and 65% of those from the freshwater SLG 33 .
This phenomenon is not only explained by the high methylation potential of the sediments enhanced under anaerobic conditions in this estuary 79 but also by the direct anthropogenic inputs of MeHg from specific discharge points 36 . Finally, in agreement with these results, the MeHg analysis in three different trophic groups (suspension feeders, predators and deposit feeders) from different sampling sites of the downstream Adour estuary showed that MeHg is also subject to biomagnification in the trophic food chain in this ecosystem 54 . As suggested above, the high ∑PCB load found in eel muscle of the downstream estuary would originate from the direct anthropogenic inputs in the restricted industrial area as well as probable biomagnification in the trophic food chain, as observed elsewhere 8 , eel being ultimately the more heavily PCB contaminated species.
Because most of the chemicals can pose great health risks to biota and humans, European and national legistlation have established a framework on admissible residue and contaminant levels in plant and animal feed that must not be exceeded.
For total mercury, concentrations in eel muscle of the Adour basin were always below, although close in the downstream estuary, to the 0.5 µg Hg g -1 which is the maximum level set by the European Union for total Hg in foodstuffs 80 corresponds to 12.7 ng PCB TEQ kg -1 ww in the muscle of eel from the lower estuary. As this calculation does not take into account the presence of dioxins and furans, it can be stated that muscle meat exceeded the maximum admissible value.
As for PCB, no maximum residue limit (MRL) has yet been provided for DDT and its metabolites in fish. However, the European Union fixed a tolerance limit of 1000 ng.g -1 ww on lipid basis for some food products of animal origin such as milk, meat or eggs, based on the sum of p,p'-DDT, p,p'DDE, p,p'-DDD and o,p'-DDD 82 . These data were calculated for our samples and were below the given limit (46±22 ng.g -1 on lipid basis, 80±60 ng.g -1 on lipid basis, 105±33 ng.g -1 on lipid basis for Termi, SLG and estuary sampling sites, respectively) supporting the moderate contaminated characteristic of the area under focus for OCP contaminants.
Conclusion
Data presented in this study are in good agreement with other European aquatic environments under moderate chemical pressure both in terms of environment characterisation and eel quality, especially for contaminants such as heavy metals and organochlorine compounds. The occasional consumption of eels caught in the basin does not seem to present a risk for human for these contaminants. However, care must be taken with eels from the downstream estuary which exhibit high MeHg and PCB loads that could represent a potential risk for top predators such as birds and perhaps humans. Even if eel contamination supports other European temporal studies showing a decrease in levels of organochlorinated compounds, it illustrated their persistence in organisms, especially in eels where they are concentrated to a large extent 8 compared to other aquatic organisms due to the species trophic status (carnivorous). Despite a seasonal influence on heavy metal loads in eel from the freshwater sites and a lack of samples to investigate such an influence in the estuary, the great persistence of PCBs in the environment and the biomagnification abilities of mercury in aquatic organisms still highlight the potential threat of these contaminants at the eel life scale and on eel consumers. Further investigations will be necessary to better identify the extent of the zone contaminated by mercury and PCBs. Knowing that 75% of stored lipids in eels could be remobilized during the trans-oceanic migration 84 , and 18% directly allocated to gonad development, and given the complexity of natural environment (geochemical cycles, interaction between pollutants), studies are still needed to evaluate if the sublethal concentrations observed are worrying or not for the complete fulfilment of the biological cycle of this declining species.
